propylene glycol solution at -700, excited with unpolarized light. 2. Phenol, cresol and tyrosine show a simple spectrum, consisting of a negative polarization region with a minimum value of -0-065 at 235 mF, and a positive region with a maximum of 0-22 at 275 mp and longer wavelengths.
3. Indole, N-methylindole and tryptophan show no negative polarization at any wavelengths. In the region of the longest wavelength-absorption band two maxima are present at 270 and 305 m,u and a minimum at 295 m,u. It is shown that at least two electronic transitions are required to describe these effects, one of these transitions corresponding to the spike or shoulder observed in absorption at 295 m1i.
4. N-Glycyltryptophan has a spectrum similar to the other indole derivatives but for the existence of an additional sharp polarization band with maximum at 290 mp, which appears connected with the presence of a peptide bond.
5. Concentration-depolarization measurements show that the distance R at which the probability of transfer of the excitation equals the probability of emission is 17A for phenol molecules.
6. Concentration-depolarization measurements on indole solutions show that R = 17A if the fluorescence is excited with light of wavelength shorter than 295 m,, but that excitation with longer wavelengths is not followed by transfer with very much lower efficiency.
7. Measurements of the fluorescence spectrum in mixtures of phenol (1M) and indole (001-02M) show that phenol can transfer its energy to indole with R 18-5A. The analysis of the polarization spectrum of the fluorescence of proteins is necessarily more difficult than that of the aromatic amino acids and simple derivatives described in the previous paper (Weber, 1960) . The main differences arise because of the various types of Brownian molecular rotations which are possible in the protein, and also the possibility of energy transfer among the aromatic residues. The characteristic distances of transfer R for phenol-phenol, indole-indole and phenol-indole transfer calculated from concentration-depolarization and fluorescence-spectral data (Weber, 1960) are of the order of the distance between these residues in the protein molecule. Finally, the possibility that interaction of the indole nucleus with the highly polarizable backbone of the protein may lead to changes in the relative positions of the overlapping transitions in tryptophan must be kept in mind. EXPERIMENTAL This paper describes the fluorescence-polarization spectrum of two classes of globular proteins.
Fluorescence-Polarization Spectrum and Electronic-Energy Transfer in Proteins
Class A proteins containing phenylalanine and tyrosine but no tryptophan. These proteins  G. WEBER F. W. J. Teale, in preparation) have a fluorescence spectrum characteristic of tyrosine with a maximum emission at 303 m,. The quantum yield of the fluorescence is 0 03-0 05, that is one-fifth to one-seventh of that of free tyrosine .
Class B proteins, containing tryptophan as well as tyrosine and phenylalanine. These proteins show only tryptophan fluorescence with wide variations in quantum yield (0.04-0.3) and wavelength of maximum emission (320-350 mIL) (F. W. J. Teale, in preparation) . No appreciable tyrosine fluorescence can be discerned in the fluorescence spectrum.
Material8. Bovine-serum albumin, bovine y-globulin, bovine fibrinogen and lysozyme were Armour preparations. Ribonuclease, chymotrypsin, chymotrypsinogen and rabbit-muscle lactic dehydrogenase were Worthington Biochemical Corp. (N.J., U.S.A.) preparations. Ovalbumin was three-times crystallized, as described by Warner (1954) . Insulin was a specimen from British Drug Houses Ltd. Human-serum albumin was a gift from Dr J. L. Oncley.
Method&. Polarizations were measured as described in the preceding paper. With protein solutions, scattering of parasitic light can falsify the results. This parasitic light is the light of wavelength longer than the cut-off of the filter used to separate the exciting from the fluorescent light. A first-order correction for the scattered parasitic light was determined by introducing into the path of the exciting beam a filter similar to that used to separate excitation from fluoresence. The light passing through both filters is to a first approximation the parasitic light that would be scattered in the absence of the excitation filter. With both filters in position the components I'j and I' of the scattered parasitic light were measured independently. They were subtracted respectively from I,, and I,, the components of the fluorescence light as measured with the excitation filter removed. The polarization was calculated from the corrected components in the ordinary way Weber (1960) . The intensity of parasitic light in our monochromator was practically independent of the exciting wavelength and depended exclusively on the slit width. This had to be increased as shorter wavelengths were used, particularly in the region 230-250 m,u, because of the falling output of the xenon arc in this region. The correction described was applied when 1 < 0-2I, . For larger values of the scattered light the correction is not considered reliable, and this condition has determined the short-wave limit of the polarization spectra here described.
RESULTS

Ctcs8 A protein8
Insulin, ribonuclease and zein were studied in 90-95 % propylene glycol-water mixtures at -70°.
The spectra, shown in Fig. 1 , are qualitatively similar to those of phenol, cresol or tyrosine, but the absolute values of the polarization reached in both the negative and positive regions of the spectrum are smaller than in the simpler derivatives. It does not seem that these differences can be attributed to any influence other than the energy transfer among the tyrosine residues, since practically all rotational depolarization must be absent under the conditions described. The probability of transfer will be determined by the average distance between the tyrosine residues. In the absence of more detailed information, assuming for simplicity that these tyrosines are spaced in the same way as in a solution, the effective molar concentration c, in the proteins equals 103 (n/V) where n is the number of tyrosine residues per molecule and V the anhydrous molar volume of the protein. The probability of transfer will be also determined by the characteristic distance R for inter-tyrosine transfer already computed (Weber, 1960) and the lifetime r of the tyrosine fluorescence in the protein, as compared with the lifetime -0 of the tyrosine in the medium in which R has been determined. From the theory of concentration depolarization already developed ,
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+ (1+Acro) ( 1) where p is the polarization observed at concentration c, T0 the lifetime of the excited state and A a constant proportional to R6. p,0, is the polarization in dilute solution in which no appreciable intermolecular transfer of the excitation takes place. If the assumption is made that the processes that decrease the quantum yield of the fluorescence are competitive with the emission, then T/vo = qlqo, where qo and q are respectively the yields of the tyrosine fluorescence when free and in the protein.
From a study of the concentration depolarization of phenol solutions (Weber, 1960) 
Ck88 B protein8
Qualitatively the polarization spectrum is that of tryptophan and glycyltryptophan. The spectra are shown in Figs. 2-10. The general features are given in paragraphs (1) to (6).
( In a series of eight proteins the ratio varied between 2-2 and 3*2 (Table 1 and . In all but one case (fibrinogen) the polarization at 305 m,u was increased, whereas P270 showed increases (lysozyme, pepsin), a decrease (fibrinogen) or remained the same (bovine and human albumin, y-globulin, chymotrypsin). (6) Three proteins were studied after removal of the urea. The polarization of the fluorescence was determined in the fraction that remained in solution after prolonged dialysis against neutral buffer. The proteins did not recover the polarization spectrum characteristic of the native protein, as can be seen in Fig. 14 . The two main bands were less defined and the P305/P270 ratio was much smaller than in the native proteins.
DISCUSSION
The depolarization of the fluorescence due to the Brownian rotation of the protein particle can be calculated when the rotational relaxation time of the particle and the actual lifetime of the excited state of the fluorescence -r are known (Weber, 1953) . The natural lifetime of the excited state mr, can be calculated from the integrated absorption of the electronic band of lowest frequency (e.g. Forster, 1951) 1 r -2 88 x 10-9.v2.n2 E(v) dv.
From the Gaussian approximation already discussed (Weber, 1960) and data for phenol and tyrosine already published (Weber, 1953) . The polarization method may prove useful, however, in the determination of the rotational relaxation time of tyrosine and tryptophan peptides of molecular weight up to a few thousand. The class A proteins, containing no tryptophan, show a polarization spectrum which can be interpreted unequivocally by comparison with that of tyrosine or phenol. The existence of transfer of the electronic-excitation energy among the tyrosine residues results in the proteins in smaller values of the polarization over the entire wavelength range, as compared with the polarizations observed in phenol or tyrosine solutions. Since the probability of transfer of the excited state is proportional to the lifetime of the excitation, other things being equal, it follows that transfer of energy from the tyrosines with higher quantum yields, and therefore longer lifetime, to those with smaller quantum yield and shorter lifetime will occur more often than the converse process, and will result in a smaller quantum yield than that expected in the absence of transfer. The process of transfer may then be partly responsible for the low yield of fluorescence observed in these proteins. In the extreme case in which the probability of transfer to a group with negligible quantum yield is very high the fluorescence of the protein may be almost completely quenched, as exemplified by transfer to the nonfluorescent haem in the haem proteins .
In class B proteins the interpretation of the findings is much more uncertain. The polarization spectrum shows considerable variation among the proteins, contrasting with the small changes in the absorption spectrum. The findings in the solutions in propylene glycol-water at -700, where rotation of the tryptophan residues between excitation and emission appears extremely unlikely, show that some influence is at work in the proteins which reduces considerably the polarization observed on excitation by 270 m,u light and has little effect on the polarization of the fluorescence excited by 305 m,u. It appears tempting to suggest that energy transfer, particularly of the type observed among the indole nolecules, with its dependence on the exciting wavelength, is responsible for the effect. Although this may be responsible for part of the observed effect, another possibility must be considered: the relative weights of the G-S1 and G-S2 transitions (Weber, 1960) in the indole nucleus will determine the relative values of the polarizations at 270 and 305 m,. In the proteins, extension of the G-S2 transition towards the shorter wavelength could explain the experimental findings. The spectral changes in the G-S2 transition could occur as a result of the interaction of the indole nucleus with the highly polarizable protein backbone. The effect of urea would follow the breaking of hydrogen bonds maintaining the backbone structure. The changed relations with the backbone and the increased freedom of rotation of the tryptophan residues would be sufficient to explain the observed effects. Whatever the relative importance of these two factors, namely relative weight of the G-S1 and G-S2 transitions and electronic-energy transfer, there is little doubt that the fluorescence-polarization spectrum is an individual and characteristic property of the proteins studied, and is sensitive to changes in the secondary structure of the protein, in a characteristic manner. Though the interpretation of the observed effects is not unequivocal, their correlation with other structural properties of the 2. The polarization spectrum of proteins containing tryptophan is similar to that of N-glycyltryptophan but differs from it in the lower values of the polarization in the 270 m, region. The ratio of the polarization on excitation by 305 m, and by 270 m, (P305/P270 ratio), which varies from 14 to 1X7 in the simple indole derivatives, is found to be greater than two in nine out of ten globular proteins studied.
3. The polarization spectrum in 50 % propylene glycol-water at -700 shows an increased P305/P270 ratio (2.3-3.0), and the polarization spectrum in 8M-urea shows this ratio decreased to the range 1'4-1 9 in eight out of ten proteins studied.
4. The changes of proteins in urea are only partially reversible. The soluble fractions obtained in three proteins had a distinctly changed polarization spectrum with a lowered P305/P270 ratio.
5. Though energy transfer among the tryptophan residues may play a part in the observed effects, it is believed that a change in the relative intensities of the G-S1 and G-S2 transitions in tryptophan can explain these effects equally well.
